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Abstract
We study the anomalous FCNC tqγ and tqg couplings via pp→Wbγ+X signal process including realistic
detector effects for both leptonic and hadronic decay channels of the W boson at 100 TeV FCC-hh. The
relevant backgrounds are considered in the cut based analysis to obtain not only limits on the anomalous λ
and ζ couplings but also branching ratios of t→ qγ and t→ qg decay channels. We find that the sensitivity
to the branching ratio of t → qγ channel is three order better than the available LHC experimental limits,
and it is comparable for the branching ratio of the t → qg decay channel with an integrated luminosity of
10 ab−1 at 2σ significance level.
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I. INTRODUCTION
One of the most sensitive probe to search for a new physics beyond the Standard Model (SM) is
the top quark with mass of 173.0± 0.4 GeV [1] close to electroweak symmetry breaking scale. Flavor
changing neutral current interactions involving a top quark, other quark flavors and neutral gauge
boson are forbidden at the tree level and are suppressed in a loop level due to Glashow-Iliopoulos-
Maiani mechanism [2]. The predicted SM branching ratios of the top quark FCNC decays to a
gluon, photon, Z or Higgs boson and up-type quarks are expected to be O(10−12 − 10−17) and are
out of range for current experimental sensitivity [3]. These branching ratios significantly improved
in the certain parameter space of many different models beyond the SM and are close to the current
experimental limits (O(10−4 − 10−5)). Therefore, the possible deviation from SM predictions of
FCNC tqγ and tqg couplings would imply the existence of new physics beyond the SM. Recently,
the exclusion limits on the top quark FCNC couplings have significantly improved by the LHC. The
current experimental constraints on the branching ratio of the top quark FCNC decays obtained at
the ATLAS and CMS with 95% confidence level (C.L.) are tabulated in Table I.
Probe of the new physics effects on FCNC top interactions in a model independent way is the
effective Lagrangian approach [4, 5]. In this approach, anomalous FCNC couplings are described
by higher-dimensional effective operators independently from the underlying theory. Anomalous
FCNC couplings have been extensively studied using this approach in the literature [10–45].
The effective Lagrangian for the FCNC tqγ and tqg couplings can be written [4, 5]
LFCNC =
gs
mt
∑
u,c
q¯λaσµν(ζLqtPL + ζ
R
qtPR)tG
a
µν +
ge
2mt
∑
u,c
q¯σµν(λLqtPL + λ
R
qtPR)tAµν + h.c. (1)
where gs and ge are the strong and the electromagnetic coupling constants, respectively; λ
a are
the Gell-Mann matrices with a = 1, ..., 8. ζ
L(R)
qt and λ
L(R)
qt are the strength of anomalous FCNC
couplings for tqg and tqγ vertices, respectively; PL(R) denotes the left (right) handed projection
operators; σµν is the tensor defined as σµν = i2 [γ
µ, γν ] for the FCNC interactions. We assumed no
specific chirality for the FCNC interaction vertices, i.e. λLqt = λ
R
qt = λq and ζ
L
qt = ζ
R
qt = ζq in this
study.
The FCNC effects involving a top quark are phenomenologically studied in many final states
with various sensitivities. Mostly anomalous FCNC couplings are investigated through FCNC
decay of top quarks in the processes where large number of top quarks are produced at high
energy hadron colliders. However, this situation creates disadvantages, such as separating from
generic multijet production by Quantum ChromoDynamics (QCD), especially when determining
2
tqg couplings. Direct single top production in association with a photon is suggested to be powerful
probe to search for existence not only tqg vertices but also tqγ vertices in hadron colliders. One can
expect even further improvements on these bounds with a higher center of mass energy colliders.
The Future Circular Collider (FCC) which has the potential to search for a wide parameter range
of new physics is the energy frontier collider project currently under consideration [46]. FCC-hh, is
a unique option of FCC, has a design providing proton-proton collisions at the proposed 100 TeV
centre-of-mass energy with peak luminosity 5× 1034 cm−2s−1 [47].
In this study, we focus on both hadronic and leptonic decays of the final state W in the pp→Wbγ
signal process to investigate the anomalous FCNC tqg ( ζq) and tqγ ( λq) couplings at FCC-hh.
Details of event selection and cuts on kinematic variables are discussed for the signal and relevant
SM background processes in addition to SM background of the same final state with the signal
process. Finally, We conclude with the prediction on the sensitivity of FCC-hh to anomalous
FCNC tqg ( ζq) and tqγ ( λq) couplings.
II. SIGNAL CROSS SECTIONS
In this study, we consider pp → Wbγ signal process for searching anomalous FCNC tqg and
tqγ interactions which denotes in Eq.1. In the production of signal events, the effective La-
grangian with FCNC couplings is implemented to FeynRules package [48] and embedded into
MadGraph2.5.3_aMC@NLO [49] as a Universal FeynRules Output (UFO) module [50]. A set of Feyn-
man diagrams contributing to pp → Wbγ signal process at tree level are shown in Fig.1. As seen
from Fig.1, three diagrams in the first row contains tqγ vertices (green dot) and the four diagrams
on the second row contains tqg vertices (red dot). In Fig.2, we show that the total cross sections
as a function of ζq and λq couplings of pp→ Wbγ signal process which includes anomalous FCNC
tqg and tqγ interactions and SM contribution as well as interference between FCNC vertices and
SM. As it can be seen from Fig.2, in the region where the value of the couplings is less than 0.005
(0.0005), tuγ (tug) and tcγ(tcg) couplings contribute at the same rate while contribution of tuγ
(tug) is larger than tcγ (tcg) coupling for large coupling region since the up quark PDF has the
dominant distribution at 100 TeV center of mass energy. In addition, the anomalous contributions
are visible for the value of the couplings bigger than 0.005 (0.0005) compared to SM background
for λq (ζq).
Different theoretical frameworks have been used in the literature to describe top quark FCNC
in a model independent way. They are based on an effective Lagrangian with D> 4 operators that
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satisfy Lorentz and SU(3)c × U(1)EM gauge symmetries. The partial wave unitarity and gauge
symmetry will be violated at very high energies in an effective theory with large values of anomalous
FCNC couplings [51]. Unitarity constraints can set limitations on these couplings for the process
pp → tγ as λq(ζq) < 2mt/
√
3αeαss/2 which is at the order of 10
−1 with 100 TeV center of mass
energy. Satisfying this condition, we performed the analysis for the values of couplings (λq, ζq)
smaller than 0.1.
III. SIGNAL AND BACKGROUND SIMULATIONS
In this section, the analysis of pp → Wbγ signal process including the FCNC tqγ and tqg
couplings as well as relevant SM backgrounds with experimental conditions of the FCC-hh are
given. 106 events are generated by MadGraph2.5.3_aMC@NLO [49] for each signals (using different
coupling values) and relevant backgrounds. These generated events are passed through PYTHIA
8.223 [52] for parton showering and hadronization. The FCC-hh baseline detector configuration
embedded into Delphes 3.3.3 via FCC-hh card is used to include detector effects [53]. During the
production of events, produced jets inside the events are clustered by using FastJet 3.2.1 [54] with
anti-kt algorithm where a cone radius is R = 0.4 [55]. Both leptonic (lν) and hadronic (jj) decays
of W boson are considered in the analysis of the signal. Then, analysis for lνbγ and jjbγ final
states are performed. The relevant background processes and their corresponding cross sections are
• sm : pp→Wbγ σ = 0.38447 pb
• Wjγ : pp→Wj′γ σ = 1038.3 pb
• Wj : pp→Wj σ = 4363 pb
• tt : pp→ tt¯ σ = 25235 pb
• ttγ : pp→ tt¯γ σ = 107.9 pb
• Zjγ : pp→ Zjγ σ = 330.0 pb
• jjjj : pp→ j′j′j′j′ σ = 4.435 × 108 pb
• bjjj : pp→ bj′j′j′ σ = 1.192 × 107pb
where j = j′, b, b¯ and j′ = u, u¯, d, d¯, s, s¯, c, c¯, g. The relevant backgrounds sm, Wjγ, Wj, tt, ttγ and
Zjγ are considered in lνbγ final state analysis. In addition to this relevant backgrounds jjjj and
bjjj QCD backgrounds are also included in jjbγ final states analysis. In order to minimize the
effect of experimental issues such as fake photon and mis-tagged b-jet, Wjγ and Wj are considered
as the other backgrounds since the light jet could be misidentified as b-jet (or photon) candidate.
The tt and ttγ processes are also added as background events since there are more than one b-jet
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in the each top decays to Wb. The Zjγ process is an another SM background in our analysis to
include any error in the mass reconstruction of Z and W bosons due to possible inaccuracy of the
hadronic calorimeter.
In order to distinguish signal from relative backgrounds, different preselection and kinematical
cuts are applied separately to hadronic and leptonic channels of W boson in the signal process
as follows: In the leptonic channel of signal, at least one photon (Nγ > 1) and one lepton (Nl >
1) are required with one isolated b-jet (Nb = 1) as a preselection cut. On the other hand, at
least one photon (Nγ > 1 ) and three jets (Nj > 3), one of them is isolated b-jet (Nb = 1),
with no lepton are applied as a preselection cut in the hadronic channel of the signal. By these
preselection cuts, not only b-jet rich backgrounds but also multijet backgrounds that contain mis-
tagged particles in their events are eliminated for effective analysis of hadronic and leptonic signal
channels. Kinematic distributions of the final state particles for leptonic and hadronic channels after
pre-selection are given in Fig.3 and Fig.4, respectively. In Fig.3, the Missing Energy Transverse
(MET) distribution, a separation between a photon and b-jet ∆R(b, γ) as well as photon and lepton
∆R(l, γ) in the pseudorapidity-azimuthal angle plane, the transverse momentum distributions of
the photon, lepton, and b-jet are shown. In Fig.4, the transverse momentum distributions of the
photon, first leading jet (j1), b-jet, a separation between a photon and b-jet∆R(b, γ), photon and j1
∆R(j1, γ) as well as photon and second leading jet (j2) ∆R(j2, γ) in the pseudorapidity-azimuthal
angle plane are depicted. Firstly, we applied cut on the transverse momentum of leading photon
50 GeV as well as other kinematical cuts for the final state particles (kinematic-I). As seen from
Fig.3 and Fig.4, photons have large momentum because of recoil against the heavy top quark. Thus,
leading photon with pγT > 150 GeV (kinematic-II) is required to distinguish signal from backgrounds
in both channels as well as other optimal kinematical cuts summarized in Table II. Two leading light
jets are used to reconstruct W boson for hadronic channel while lepton and neutrino for leptonic
channel. Since four-momentums of the leading and second-leading jets are precisely measured, one
can reconstruct W mass easily for hadronic channel. However, for the reconstruction ofW -boson in
leptonic channel, one needs to know the longitudinal component of the neutrino momentum (pz,ν)
has to be taken into account. The pz,ν is obtained by missing transverse energy of the neutrino
(/ET ) and energy-momentum conservation in the Wlν vertex:
p±z,ν =
1
p2T,l
(
Λpz,l ±
√
Λ2p2z,l − p2T,l(E2l /E
2
T − Λ2)
)
(2)
where Λ = (M2W /2) + ~pT,l · /~pT ; the El, pT,l and pz,l are the energy, transverse and longitudinal
momentum components of the leading lepton, respectively. We chose the solution with the smallest
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absolute value of pz,ν because the true pz,ν is about 70% [56]. For both leptonic and hadronic
channels, constraints on mass range of the reconstructed W boson as well as the reconstructed top
quark which is the vector sum of the 4-momenta of reconstructed W -boson and b-tagged jet are
used as in Table II. Effects of cuts defined in Table II on the number of events with Lint = 100 fb
−1
can be seen in Table III and Table IV for leptonic and hadronic channels, respectively. Specially
kinematic-I cut set reduces Wj, tt and Zjγ backgrounds while selecting high pγT cut (kinematic-II)
effects other backgrounds as well. For example, the cut efficiency of kinematic-I after pre-selection
is about 28.5 % for signal (λ = 0.01), 4.1 % for sm background which has the same final state with
signal, 3.6 % for Wjγ, 0.02 % for Wj, 0.23 % for tt , 13 % for ttγ and 0.44 % for Zjγ in the
leptonic channel. Applying kinematic-II cut enhance the cut efficiency further one order. In Fig.5,
the reconstructed invariant mass distributions of signal (ζq = 0.01 and λq = 0.01 on the top and
bottom, respectively) and relevant SM background processes for leptonic (on the left) and hadronic
channel (on the right) are plotted in the mass window with the pre-selection cut. The sharp signal
peaks for both leptonic and hadronic channels are clearly seen above broad relevant backgrounds
in the invariant mass distributions. Therefore, we require reconstructed invariant mass window
between 135 GeV and 195 GeV to calculate Statistical Significance (SS).
Using Poisson formula
SS =
√
2[(S +BT ) ln(1 + S/BT )− S] (3)
where S and BT are the signal and total background events at a particular luminosity. The results
for the SS values depending on the couplings λq and ζq at Lint=100 fb
−1 for leptonic (on the left)
and hadronic (on the right) are given in Fig. 6. In this figure, only one coupling (λq or ζq) at a
time is varied from its SM value and 3σ and 5σ discovery ranges are presented. It is clear from
Fig. 6 that the FCC-hh would reach λq=0.0065 (0.005) while ζq=0.0041 (0.0028) at 3σ significance
for leptonic (hadronic) channel. We also simultaneously vary both anomalous top couplings to find
excluded region in λq-ζq plane. The boundary of 2σ, 3σ and 5σ excluded region in λq-ζq plane for
leptonic (on the left) and hadronic (on the right) channels with an integrated luminosity 10 ab−1
at 100 TeV are plotted in Fig. 7. For both anomalous top couplings at 5σ with Lint=100 fb
−1 gives
better results than at 3σ with Lint=100 fb
−1 as seen in Fig. 7.
One can express results in terms of branching ratios which can be comparable with the results
of other studies. Both FCNC decay widths and total decay width (Γ(t → Wb)) of the top quark
are evaluated by MadGraph2.5.3_aMC@NLO. We calculated the FCNC decay widths Γ(t → qγ) and
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Γ(t→ qg) depending on coupling λq and ζq is defined as
Γ(t→ qγ) = 0.6723λ2q (4)
Γ(t→ qg) = 49.55ζ2q (5)
Using Eqs. (4) and (5) and total decay width of the top quark Γ(t → Wb) = 1.47, the FCNC
coupling λq=0.0027 and ζq = 0.0018 obtained from Fig. 7 at 2σ SS value can be converted to the
branching ratio BR(t→ qγ) = 3.3× 10−6 and BR(t→ qg) = 1.1× 10−4 for hadronic channel with
Lint=10 ab
−1. These branching ratios are at the same order for leptonic channel.
By comparing different formulations of the anomalous FCNC top couplings, the ef-
fective dimension-5 tqγ and tqg operators and SM gauge invariant dimension-6 operators
(with couplings ci) [5], the new physics cut-off scale Λ can be expressed as Λ(λq)/
√
ci =√√
2vmt(sin θW + cos θW )/geλq and Λ(ζq)/
√
ci =
√√
2vmt/gsζq, where v is vacuum expectation
value, θW is the Weinberg angle. Assuming ci = O(1), we calculate Λ=9.8 TeV and 5.2 TeV for the
limits on λq=0.0027 and ζq = 0.0018, respectively.
We compare our results on the branching ratios with the current experimental results summa-
rized in Table I. Based on proton-proton collisions at 8 TeV within the CMS detector at the LHC
at an integrated luminosity of 19.8 fb−1, the limits on the top quark FCNC branching ratios are
BR(t → uγ) = 1.7 × 10−4 and BR(t → cγ) = 2.2 × 10−3 at 95% C.L. [7]. Our limit on the
branching ratio for t → qγ is three order smaller than the current CMS experimental results and
one order better than the projected limits on top FCNC couplings through top pair production in
which one of the top quark decays to Wb while the other decays to qγ at LHC 14 TeV and HL-LHC
reported in Ref. [57], where the expected upper limits on branching ratio t→ qγ are 8× 10−5 and
2.5× 10−5 for an integrated luminosity 300 fb−1 and 3000 fb−1, respectively. The CMS projections
for 14 TeV pp collisions with an integrated luminosity of 3000 fb−1 using CMS Delphes simulation
for the sensitivity of FCNC tqγ coupling through the processes pp → tγ and pp → tt¯ with one
of the top quark decaying via FCNC is presented for branchings BR(t → uγ) = 2.7 × 10−5 and
BR(t→ cγ) = 2.0×10−4 at 95% C.L [58]. We also compare our results for the projections of FCNC
tqγ couplings at 14 TeV and 100 TeV. We use the calculated signal cross sections σ=0.8528 pb at
14 TeV LHC and σ=8.528 pb at 100 TeV FCC-hh for the process pp→ tγ with the equal couplings
scenario (λq=0.01 and ζq=0.01). An order of magnitude enhancement in signal cross section is due
to the higher center of mass energy. For the SM background with the same final state as signal
process pp → Wbγ the cross sections σ=0.02506 pb at 14 TeV LHC and σ=0.3831 pb at 100 TeV
FCC-hh. A comparison of these enhancements in the cross section and in the luminosity (3 ab−1
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for HL-LHC and 10 ab−1 for FCC-hh) can also be converted into the limits on branching ratios
therefore an order order of magnitude better sensitivity can be explained.
The limits on the FCNC branching ratio of the t → qg decay channel are BR(t → ug) =
4.0 × 10−5 and BR(t→ cg) = 20 × 10−5 reported from ATLAS collaboration via single top-quark
production with flavor-changing neutral current processes in proton-proton collisions at a centre-of-
mass energy of 8 TeV and corresponding to an integrated luminosity of 20.3 fb−1. The limit on the
BR(t→ qg) with the anomalous single top quark production in association with a photon process
ranges at the same order as current ATLAS experiment.
IV. CONCLUSIONS
Deviations from the SM predictions are often interpreted in terms of anomalous top couplings in
the single top production. One can put constraints on each effective operators which could describe
these possible deviations. In this paper, the anomalous top FCNC couplings of tqγ and tqg vertices
in a model independent way have been investigated via pp→Wbγ signal process at 100 TeV center
of mass energy. The both leptonic and hadronic decay channels of W boson in the final state of
the signal are taken into account to obtain sensitivities of the anomalous couplings at FCC-hh
including realistic detector effects in the analysis. Using distinctive feature of the prompt photon
radiation in the final state of the signal process, the top FCNC interactions can be uncovered from
overwhelming relevant SM backgrounds. Thus, high pγT cut with other optimum kinematic cuts
requirement are used as a tool to probe sensitivity of the anomalous couplings. With an integrated
luminosity of 10 ab−1 and
√
s= 100 TeV for a 2σ SS value, the sensitivity to the branching ratio
of t→ qγ channel is three order better than the available experimental limits, and comparable for
the branching ratio of the t→ qg decay channel.
Acknowledgments
This work was supported by Turkish Atomic Energy Authority (TAEK) under the grant No.
2018TAEK(CERN)A5.H6.F2-20. We acknowledge exciting discussion within the FCC-hh physics
analysis meeting. The K.Y. O., A. S. and H. D. work partially supported by the Bolu Abant Izzet
8
Baysal University Scientific Research Projects under the Project no: 2018.03.02.1286.
[1] M. Tanabashi et al. [Particle Data Group], Phys. Rev. D 98, no. 3, 030001 (2018).
[2] S. L. Glashow, J. Iliopoulos, and L.Maiani, Phys. Rev. D 2, 1285 (1970).
[3] J. A. Aguilar-Saavedra, Acta Phys. Polon. B 35, 2695 (2004).
[4] J. A. Aguilar-Saavedra, Nucl. Phys. B 812, 181 (2009) doi:10.1016/j.nuclphysb.2008.12.012
[arXiv:0811.3842 [hep-ph]].
[5] J. A. Aguilar-Saavedra, Nucl. Phys. B 821, 215 (2009) [arXiv:0904.2387 [hep-ph]].
[6] G. Aad et al. [ATLAS Collaboration], Eur. Phys. J. C 76, no. 2, 55 (2016) [arXiv:1509.00294 [hep-ex]].
[7] V. Khachatryan et al. [CMS Collaboration], JHEP 1604, 035 (2016) [arXiv:1511.03951 [hep-ex]].
[8] A. M. Sirunyan et al. [CMS Collaboration], JHEP 1707, 003 (2017) [arXiv:1702.01404 [hep-ex]].
[9] M. Aaboud et al. [ATLAS Collaboration], JHEP 1710, 129 (2017) [arXiv:1707.01404 [hep-ex]].
[10] T. Han, M. Hosch, K. Whisnant, B. L. Young and X. Zhang, Phys. Rev. D 58 (1998) 073008
[hep-ph/9806486].
[11] F. del Aguila and J. A. Aguilar-Saavedra, Nucl. Phys. B 576, 56 (2000) [hep-ph/9909222].
[12] A. Belyaev and N. Kidonakis, Phys. Rev. D 65, 037501 (2002) [hep-ph/0102072].
[13] A. T. Alan and A. Senol, Europhys. Lett. 59, 669 (2002) [hep-ph/0202119].
[14] O. Cakir, J. Phys. G 29, 1181 (2003) [hep-ph/0301116].
[15] J. M. Yang, Annals Phys. 316, 529 (2005) [hep-ph/0409351].
[16] O. Cakir and S. A. Cetin, J. Phys. G 31, N1 (2005).
[17] J. J. Zhang, C. S. Li, J. Gao, H. Zhang, Z. Li, C.-P. Yuan and T. C. Yuan, Phys. Rev. Lett. 102,
072001 (2009) [arXiv:0810.3889 [hep-ph]].
[18] I. T. Cakir, O. Cakir and S. Sultansoy, Phys. Lett. B 685, 170 (2010) [arXiv:0911.4194 [hep-ph]].
[19] J. Drobnak, S. Fajfer and J. F. Kamenik, Phys. Rev. D 82, 073016 (2010) [arXiv:1007.2551 [hep-ph]].
[20] J. Gao, C. S. Li, L. L. Yang and H. Zhang, Phys. Rev. Lett. 107, 092002 (2011) [arXiv:1104.4945
[hep-ph]].
[21] A. A. Billur, EPL 101, no. 2, 21001 (2013).
[22] J. L. Agram, J. Andrea, E. Conte, B. Fuks, D. Gelé and P. Lansonneur, Phys. Lett. B 725, 123 (2013)
[arXiv:1304.5551 [hep-ph]].
[23] S. C. Inan, Nucl. Phys. B 897, 289 (2015) [arXiv:1410.3609 [hep-ph]].
[24] M. Köksal and S. C. Inan, Adv. High Energy Phys. 2014, 935840 (2014) [arXiv:1305.7096 [hep-ph]].
[25] H. Hesari, H. Khanpour, M. Khatiri Yanehsari and M. Mohammadi Najafabadi, Adv. High Energy
Phys. 2014, 476490 (2014) [arXiv:1412.8572 [hep-ex]].
[26] H. Khanpour, S. Khatibi, M. Khatiri Yanehsari and M. Mohammadi Najafabadi, Phys. Lett. B 775,
25 (2017) [arXiv:1408.2090 [hep-ph]].
9
[27] H. Sun, Nucl. Phys. B 886, 691 (2014) [arXiv:1402.1817 [hep-ph]].
[28] R. Goldouzian, Phys. Rev. D 91, no. 1, 014022 (2015) [arXiv:1408.0493 [hep-ph]].
[29] C. Degrande, F. Maltoni, J. Wang and C. Zhang, Phys. Rev. D 91, 034024 (2015) [arXiv:1412.5594
[hep-ph]].
[30] S. Khatibi and M. Mohammadi Najafabadi, Phys. Rev. D 89, no. 5, 054011 (2014) [arXiv:1402.3073
[hep-ph]].
[31] S. Khatibi and M. Mohammadi Najafabadi, Nucl. Phys. B 909, 607 (2016) [arXiv:1511.00220 [hep-ph]].
[32] H. Hesari, H. Khanpour and M. Mohammadi Najafabadi, Phys. Rev. D 92, no. 11, 113012 (2015)
[arXiv:1508.07579 [hep-ph]].
[33] H. Sun and X. Wang, Eur. Phys. J. C 78, no. 4, 281 (2018) [arXiv:1602.04670 [hep-ph]].
[34] Y. C. Guo, C. X. Yue and S. Yang, Eur. Phys. J. C 76, no. 11, 596 (2016) [arXiv:1603.00604 [hep-ph]].
[35] Y. B. Liu and Z. J. Xiao, Phys. Rev. D 94, no. 5, 054018 (2016) [arXiv:1605.01179 [hep-ph]].
[36] R. Goldouzian and B. Clerbaux, Phys. Rev. D 95, no. 5, 054014 (2017) [arXiv:1609.04838 [hep-ph]].
[37] A. F. ?arnecki [CLICdp Collaboration], J. Phys. Conf. Ser. 873, no. 1, 012049 (2017) [arXiv:1703.05007
[hep-ex]].
[38] X. Wang, H. Sun and X. Luo, Adv. High Energy Phys. 2017, 4693213 (2017) [arXiv:1703.02691 [hep-
ph]].
[39] H. Denizli, A. Senol, A. Yilmaz, I. Turk Cakir, H. Karadeniz and O. Cakir, Phys. Rev. D 96, no. 1,
015024 (2017) [arXiv:1701.06932 [hep-ph]].
[40] I. Turk Cakir, A. Yilmaz, H. Denizli, A. Senol, H. Karadeniz and O. Cakir, Adv. High Energy Phys.
2017 (2017) 1572053 [arXiv:1705.05419 [hep-ph]].
[41] O. Cakir, A. Yilmaz, I. Turk Cakir, A. Senol and H. Denizli, arXiv:1809.01923 [hep-ph].
[42] J. F. Shen, Y. Q. Li and Y. B. Liu, Phys. Lett. B 776, 391 (2018) [arXiv:1712.03506 [hep-ph]].
[43] Y. B. Liu and S. Moretti, arXiv:1810.00653 [hep-ph].
[44] S. Banerjee, M. Chala and M. Spannowsky, Eur. Phys. J. C 78, no. 8, 683 (2018) [arXiv:1806.02836
[hep-ph]].
[45] M. Chala, J. Santiago and M. Spannowsky, arXiv:1809.09624 [hep-ph].
[46] More information is available on the FCC Web site:. http://cern.ch/fcc.
[47] M. Mangano, CERN Yellow Report CERN 2017-003-M [arXiv:1710.06353 [hep-ph]].
[48] A. Alloul, N. D. Christensen, C. Degrande, C. Duhr and B. Fuks, Comput. Phys. Commun. 185, 2250
(2014) [arXiv:1310.1921 [hep-ph]].
[49] J. Alwall et al., JHEP 1407 (2014) 079 [arXiv:1405.0301 [hep-ph]].
[50] C. Degrande, C. Duhr, B. Fuks, D. Grellscheid, O. Mattelaer and T. Reiter, Comput. Phys. Commun.
183, 1201 (2012) [arXiv:1108.2040 [hep-ph]].
[51] T. Appelquist and M. S. Chanowitz, Phys. Rev. Lett. 59, 2405 (1987) Erratum: [Phys. Rev. Lett. 60,
1589 (1988)].
[52] T. Sjostrand, S. Mrenna and P. Z. Skands, JHEP 0605, 026 (2006) [hep-ph/0603175].
10
[53] J. de Favereau et al. [DELPHES 3 Collaboration], JHEP 1402, 057 (2014) [arXiv:1307.6346 [hep-ex]].
[54] M. Cacciari, G. P. Salam and G. Soyez, Eur. Phys. J. C 72, 1896 (2012) [arXiv:1111.6097 [hep-ph]].
[55] M. Cacciari, G. P. Salam and G. Soyez, JHEP 0804, 063 (2008) [arXiv:0802.1189 [hep-ph]].
[56] A. S. Belyaev, E. E. Boos and L. V. Dudko, Phys. Rev. D 59, 075001 (1999)
doi:10.1103/PhysRevD.59.075001 [hep-ph/9806332].
[57] [ATLAS Collaboration], arXiv:1307.7292 [hep-ex].
[58] CMS Collaboration [CMS Collaboration], CMS-PAS-FTR-16-006.
11
TABLE I: The current experimental 95% C.L. upper limits on the branching fractions of the top quark
FCNC decays obtained at the LHC experiments.
Decay Channels BR(q = u) BR(q = c) Ref.
t→ qg 4.0·10−5 2.0·10−4 [6]
t→ qγ 1.3·10−4 1.7·10−3 [7]
t→ qZ 2.2·10−4 4.9·10−4 [8]
t→ qH 2.4·10−3 2.2·10−3 [9]
TABLE II: Event selection and kinematic cuts used for the analysis of signal and background events in
hadronic and leptonic channels.
Cuts Leptonic channel Hadronic channel
Pre-selection Nγ > 1, Nl > 1 and Nb = 1 Nγ > 1, Nj > 3 , Nb = 1 and no lepton
Kinematic-I (II) pγT > 50(150) GeV, p
γ
T > 50(150) GeV
plT > 30 GeV, p
b
T > 30 GeV p
j1,j2
T > 30 GeV, p
b
T > 30 GeV
|ηγ,l,b| < 2.5, MET > 30 GeV |ηγ,j1,j2,b| < 2.5, ∆R(b, γ) > 0.7
∆R(b, γ) > 0.7 and ∆R(l, γ) > 0.7 ∆R(j1, γ) > 0.7 and ∆R(j2, γ) > 0.7
W-reconstruction 80 GeV < mlν < 90 GeV 35 GeV < mjj < 90 GeV
Top-reconstruction 135 GeV < mlνb < 195 GeV 135 GeV < mjjb < 195 GeV
TABLE III: The number of signal and relevant background events after each kinematic cuts in the analysis
single lepton mode with Lint =100 fb
−1.
Processes Pre-selection Kinematic-I Kinematic-II W-reconstruction Top-reconstruction
Signal (λq = 0.01) 11338 3229 2478 2175 1365
Signal(ζq = 0.01) 303576 15138 6620 6039 3534
Signal(λq = 0.01,ζq = 0.01) 319686 21628 12283 10602 7195
sm 2584 107 18 14 3
Wjγ 657203 24091 5815 5192 1038
Wj 1.679·108 43630 0 0 0
tt 3.476·108 800428 83589 37995 27863
ttγ 1.636·106 215933 70488 50583 22560
Zjγ 465056 2054 313 244 70
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TABLE IV: The number of signal and relevant background events after each kinematic cuts in the analysis
full hadronic mode with Lint =100 fb
−1.
Processes Pre-selection Kinematic-I Kinematic-II W-reconstruction Top-reconstruction
Signal (λq = 0.01) 15214 7986 5616 2349 1740
Signal(ζq = 0.01) 381507 43778 15059 5776 4035
Signal(λq = 0.03,ζq = 0.01) 411290 61438 28782 11836 8771
sm 3226.04 311 48 21 5
Wjγ 1.23·106 130319 23260 4673 1246
Wj 3.182·108 261780 43630 0 0
tt 3.502·108 2.01·106 169711 58259 20264
ttγ 1.315·106 272273 81031 16464 7014
Zjγ 1.318·106 128103 19987 3935 1637
jjjj 5.567·1011 1.33·108 4.459·107 0 0
bjjj 9.953·1010 2.02·107 0 0 0
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FIG. 1: The Feynman diagrams of pp → Wbγ process containing anomalous FCNC tqγ (green dot) and
tqg (red dot) vertices.
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FIG. 2: The total cross section of pp → Wbγ process as a function of anomalous FCNC tqγ (λu and λc)
and tqg (ζu and ζc) couplings.
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FIG. 3: The kinematic distributions of the final state particles in leptonic channel for signal (λq = 0.01)
and relevant SM background processes; transverse momentum of γ, b-jet and lepton on the left column and
∆R(b, γ), ∆R(l, γ) and MET on the right column.
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FIG. 4: The kinematic distributions of the final state particles in hadronic channel for signal (λq = 0.01)
and relevant SM background processes; transverse momentum of γ, b-jet and leading jet (j1) on the left
column and ∆R(b, γ), ∆R(j1, γ) and ∆R(j2, γ) on the right column.
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FIG. 5: The reconstructed invariant mass distributions of signal (ζq = 0.01 and λq = 0.01 on the top and
bottom, respectively) and relevant SM background processes for leptonic (on the left) and hadronic channel
(on the right).
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FIG. 6: The statistical significance as a function of the anomalous FCNC top couplings strengths after
applying all cuts for leptonic (on the left) and hadronic (on the right) channels at Lint=100 fb
−1. Only one
coupling (λq or ζq) at a time is varied from its SM value).
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FIG. 7: The contour plots of 2σ, 3σ and 5σ significance on the λq-ζq anomalous FCNC couplings plane with
an integrated luminosity of 10 ab−1 for leptonic (on the left) and hadronic (on the right) channels.
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